Ethanol (EtOH) promotes GABAergic synaptic transmission in the central nervous system. We have shown that EtOH enhances the frequency of GABA A receptor-mediated spontaneous IPSCs less powerfully in hippocampal CA1 pyramidal neurons from adolescent animals, compared to those from adults. However, we have also shown that EtOH promotes the firing of hippocampal interneurons, located in stratum lacunosum moleculare (SLM), from adolescent animals more potently than those from adults. Thus the latter finding would appear to be inconsistent with the former. In order to understand this apparent inconsistency, we have now assessed the effects of EtOH on a different subpopulation of hippocampal interneurons; those with somata located in stratum oriens (SO). We found that EtOH-induced enhancement of the frequency of spontaneous action potentials (sAPs) was less in interneurons from adolescent rats, compared to those from adults. In addition, EtOH-induced reduction of the afterhyperpolarization (AHP) decay time constant (τ slow ) was less pronounced in interneurons from adolescent rats, as was the EtOH-induced increase in the amplitude of the hyperpolarization-activated cation current, I h . The effect of EtOH on sAP firing frequency was blocked by application of the I h antagonist, ZD7288. These results indicate that while EtOH promotes the firing of hippocampal interneurons, through promotion of I h , the developmental expression of this effect differs between interneurons with somata located in SO and SLM.
JPET # 168450
Introduction JPET # 168450 6 target for understanding the mechanisms underlying the differential effects of EtOH on hippocampal circuit excitability in adolescents and adults (Swartzwelder et al, 1995; Pyapali et al, 1999; Li et al, 2003; Fleming et al, 2007) . However, this developmental sensitivity of SLM interneurons to ethanol also raises questions because it appears counterintuitive in the context of some earlier findings. For example, we have shown that the frequency of spontaneous IPSCs, recorded from CA1 pyramidal cells, is increased more potently by ethanol in hippocampal slices from adult rats than in those from adolescents (Li et al, 2006) . Since such IPSCs are presumably driven, at least in part, by the firing of local interneurons, then it would seem more likely that EtOH would increase the firing of interneurons in adults more than it would those in adolescents.
However, our findings with SLM interneurons showed the opposite, i.e., a greater firing rate increase in SLM interneurons from adolescents (Yan et al, 2009 ).
In addition to SLM interneurons, those with somata in SO also exert a strong inhibitory influence on pyramidal cells (Klausberger, 2009) . In an effort to better understand the relationships between CA1 interneurons in mediating the effects of EtOH in hippocampal excitability in adolescents and adults, we assessed the effects of EtOH on spontaneously firing SO interneurons and on the physiological mechanisms that underlie their firing rates.
Materials and Methods

Tissue preparation
Hippocampal slices were prepared from male, Sprague-Dawley, periadolescent of development in the rat has been the subject of some controversy, in recent years, based on an accumulating literature, the period between PD 30 and 50 has become an accepted norm for this period in the male rat (see Spear, 2000) . The animals were handled and housed according to the guidelines of the National Institutes of Health Committee on Laboratory Animal Resources. All experimental procedures were approved by the Animal Care and Use Committee of the Duke University and Durham VA Medical Center.
Hippocampal slices from adolescent and adult rats were prepared and maintained as previously described (Yan et al., 2009 ). The rats were deeply anesthetized with Isoflurane, USP and decapitated. The brains were quickly removed from the skulls and placed in icecold (<4°C), modified artificial cerebrospinal fluid (aCSF) containing (in mM): 120 NaCl, 3.3 KCl, 1.23 NaH 2 PO 4 , 1 MgSO 4 , 0.2 CaCl 2 , 25 NaHCO 3 and 10 D-glucose with pH 7.3, previously saturated with 95%O 2 /5%CO 2 . The tissue was completely submerged into icecold modified aCSF and sectioned in 300 μm thick slices using a Vibratome series 1000 sectioning system (The Vibratome Company, St. Louis, MO). The brain slices were first transferred to aCSF containing 0.5 mM Ca 2+ and incubated at room temperature for 20 minutes to allow gradual adaptation to slightly elevated extracellular Ca 2+ . The slices were then allowed to equilibrate for at least one hour, at 35
JPET # 168450 8 After incubation, one hippocampal slice was transferred to the recording chamber which was connected to a Masterflex C/L pump superfusion system (Cole-Parmer Instrument Co., Vernon Hills, IL). The slice was held against the bottom of the chamber with silver wires and superfused at a constant rate of 2 ml/min with aCSF which was bubbled with a mixture of 95% O 2 /5% CO 2 gas. The recording chamber temperature was kept at 29-30 o C by Chamber System Temperature Controllers (TC-344B, Warner
Instruments Inc., Hamden, CT). The slice was visualized with infrared differential interference contrast (DIC, Zeiss Axioskope), using an upright microscope, with a 40×
water immersion objective, and displayed on a monitor. Interneurons located within SO of area CA1 were easily distinguishable on visual inspection and were then selected for whole cell recording.
Recordings were made using standard whole cell patch recording techniques. Resting membrane potential was directly measured in current clamp mode after membrane rupture (range -72 mV to -44 mV), and only cells with a resting membrane potential more negative than -50 mV were studied. In spontaneously firing neurons, the resting membrane potential was not stable, and varied slightly around the initial baseline measure that we acquired. Therefore, we also retrospectively measured the baseline resting membrane potential before each action potential, using simple viaual inspection and Clampfit 10.0 software. The liquid junction potential was estimated to be 15.4 mV for the current clamp solution and was not corrected. Input resistance was calculated from membrane voltage deflection, evoked by 600 ms hyperpolarizing current injections (0 to -300 pA in steps of 50 pA). To measure cell capacitance, interneurons were depolarized by applying 5mV at a holding potential of −70 mV, and cell capacitance was measured from the change in membrane charge, determined from the integrated capacity transients. Series resistance was about 15 MΩ and was monitored by small (depolarizing 5 mV, 150 ms) voltage steps during voltage clamp recording or current steps (hyperpolarizing 25 pA, 50 ms) during current-clamp recording. Cells were rejected from analysis if the series resistance changed by >15 %. The effects of EtOH on action potentials were only assessed in cells that manifested spontaeous action potential firing.
JPET # 168450
We initially visualized and selected interneurons for recording based on somatic shape and electrophysiological properties, as described elsewhere (Lacaille et al., 1987; Yan et al, 2009 ). We employed several electrophysiological criteria to identify interneurons, including the response to depolarizing current injections, and the observation of short-duration and fast spike action potentials which were followed by large afterhyperpolarizing potentials (AHPs) (Schwartzkroin and Mathers 1978) . In contrast, CA1 pyramidal neurons generated action potentials that accommodated during maintained depolarization (Madison and Nicoll 1984) . The recorded cells were also filled with Alexa 
Pharmacology
To isolate I h , Tetraethyl-ammonium chloride (TEA-Cl, 2 mM), Tetrodotoxin (TTX, JPET # 168450 stored, frozen, in 1ml aliquots, and before each experiment were diluted in aCSF to their final concentrations. The drugs were infused into the recording chamber using a standard perfusion system. After the establishment of stable baseline recordings, EtOH was added to the bath solution in incremental concentrations of 3, 10, 30 and 50mM, and each concentration was maintained for 5-10 min followed by a washout period of 10-20 min.
Data analysis
The stored data signals were processed using either the Clampfit 10 (Axon 
Results
Morphology of SO interneurons
In the present study, all of the recordings were obtained from neurons with somata located within SO of the CA1 region of the hippocampus. The recorded interneurons were processed for fluorescence staining and morphologically characterized following electrophysiological recording. The morphology of SO neurons was diverse, and most of the interneurons possessed multiple dendritic processes restricted primarily to SO (Fig. 1 ).
This morphology of interneurons, with somata and dendrites generally confined to SO, is consistent with previous descriptions (Freund and Buzsaki, 1996; Lacaille et al., 1987; McBain et al., 1994; Zhang and McBain 1995; Maccaferri and McBain, 1996; Klausberger, 2009 ).
Membrane properties and spontaneous activity in SO interneurons
Current-clamp recordings were obtained from a total of 67 and 65 interneurons in slices from adolescent and adult rats, respectively. All of the interneurons were 'horizontally' oriented interneurons with soma and dendritic trees confined to SO. To This article has not been copyedited and formatted. The final version may differ from this version. remaining 30 neurons from adult animals did not spontaneously fire APs, and were not studied further. Interestingly, a higher proportion of interneurons in SO generated sAPs than did those from SLM (Yan et al., 2009 ).
Effects of EtOH on sAP firing
EtOH increased the sAP firing rate of SO interneurons, as we have previously reported in our study of SLM interneurons (Yan et al., 2009 ). However, in contrast to the effect of EtOH in SLM interneurons, in SO interneurons the promotion of sAP firing by
EtOH was more potent in slices from adult rats than in those from adolescents. Figure 2 shows a typical example of sAPs recorded in interneurons from an adolescent and an adult rat. During application of 30mM EtOH, sAP frequency increased from 4.5 Hz to 8.9 Hz in the adolescent rat ( Fig. 2, A) , whereas in the interneuron from the adult rat, sAP frequency was increased from 4.6 Hz to 13.6 Hz ( Fig. 2, B ). EtOH did not significantly alter resting membrane potential in interneurons from rats from either age group, nor did it significantly This article has not been copyedited and formatted. The final version may differ from this version. affect AP firing that was evoked by a depolarizing current injection (100 pA for 600 ms duration), or the amplitude of APs (data not shown) in interneurons that were not spontaneously firing. The effects of EtOH on sAP firing were concentration dependent in both age groups (Fig. 3) , and were reversed after the EtOH was washed out of the recording chamber for 15-30 minutes. A representative example of the responsiveness of an interneuron from an adolescent animal to EtOH (3mM to 50mM) is shown in figure   3A (a). EtOH, at concentrations of 3, 10, 30 and 50mM, increased sAP frequency in slices from adolescents by 27.2±2.9 %, 55. 
Effects of EtOH on sAP AHP decay time
AHP plays a functional role in the firing and discharge frequency of CA1 hippocampal interneurons, and EtOH effects on the AHP time constant are involved in its ability to increase sAP firing rates (Yan et al, 2009 (Fig.4Ca) . Figure 4B shows that bath application of 50mM EtOH also accelerated the frequency of sAPs isolated from an interneuron from an adult rat. Typical voltage traces are shown in figure 4B (a, b) . In this interneuron, the AHP decay time was 48.1 ms at baseline and 21.2 ms after bath application of 50mM
EtOH. In cells from adults, the average AHP τ slow decay time was significantly reduced to 29.9 ±1.4 ms from 48.2 ± 3.5 ms after application of 30mM EtOH (n=9, paired t-test, Previous studies have shown that I h contributes to resting membrane potentials and spontaneous pace-making activity in hippocampal interneurons (Maccaferri and McBain, 1996; Lupica et al., 2001) , and EtOH-induced enhancement of neuronal firing rates is mediated by I h in SLM interneurons from hippocampal area CA1 (Yan et al, 2009 ).
To investigate whether I h also contributed to the EtOH-induced increases in SO interneuron firing that we have observed, we assessed the effects of I h channel antagonists on EtOH-enhanced sAP firing in hippocampal interneurons from adolescent and adult rats.
We found that the I h antagonist, ZD7288, significantly attenuated EtOH-induced increases of sAP firing rates in SO interneurons from adolescent animals. Typical responses are shown in figure 5A . In this interneuron, bath application of 30 mM EtOH increased sAP frequency from 4.53 Hz to 9.08 Hz. The firing rates returned to baseline after the 15-minute washout of EtOH. When 30 μM ZD7288 was added to the bath (5-7 min) the sAP firing rate was reduced to 1.83 Hz, and subsequent EtOH application did not significantly increase this firing rate. The averaged results of these experiments are shown in figure   5B (a). The mean sAP frequency from seven cells was significantly increased to 6.6±0.8
Hz from 4.1±0.5 Hz after the initial bath application of 30mM EtOH, then the firing returned to 4.4±0.5 Hz after the 15 minute washout. Bath application of ZD7288 (30μM) for seven minutes irreversibly decreased sAPs firing frequency. The sAP firing was reduced to 2.0±0.4 Hz by ZD7288 (n=7, one-way ANOVA, F (4, 30) =10.92, p=1.39E-5).
Re-application of EtOH did not significantly raise the sAP firing frequency, raising it only to 2.4 ±0.5 Hz. ZD7288 also induced a small, non-significant hyperpolarization (-59.4 ±0.9 mV to -60.9±1.5 mV). We also found similar results when we replaced ZD7288 with
another I h channel blocker, CsCl. The frequency from five cells was significantly 
Effects of EtOH on I h
The mediation of EtOH-induced increases in sAP firing by I h prompted us to explore whether it could be of developmental significance in SO interneurons. We therefore assessed the effects of ethanol on I h currents recorded in interneurons from animals in both age groups. We evoked I h by using 1.2-second hyperpolarizing voltage steps to -130 mV from the -50 mV holding potential. The average I h amplitude was -339.5±43.2 pA (n=10) in interneurons from adolescent animals and -325.4±30.5 pA (n=14) in interneurons from adults. These I h amplitudes valves are larger than those we have previously recorded from SLM interneurons (Yan et al, 2009 ). Bath application of EtOH (30 and 50mM) reversibly increased I h amplitude in cells from animals in both age groups (Fig. 6A, B) . Typical current traces of I h in the absence and presence of EtOH increased I h amplitude in interneurons from both age groups (Fig. 6C, a) approximately a 5.0mV hyperpolarization on average that was statistically significant. In contrast we used 30μM ZD7288, which was applied for 5-7 minutes and induced approximately a 1.5mV hyperpolarization on average that was not statistically significant.
The previous study also recorded resting membrane potentials under current clamp conditions and in the presence of TTX, whereas we did not use TTX since spontaneous firing was a primary dependent variable in this study. Thus, while we found a qualitatively similar effect of ZD7288 on membrane potential, it was clearly not significant. It seems likely that pharmacological and experimental differences between the two studies would account for this difference in outcome relative to resting membrane potential.
Discussion
The present findings establish that the spontaneous firing of CA1 SO interneurons is increased by EtOH concentrations that are consistent with low to moderate doses of alcohol in humans, and that this effect of EtOH is more potent in interneurons from adult animals than in those from adolescents. In addition, as we have shown in previous studies of SLM interneurons (Yan et al, 2009 ), this EtOH-induced increase in sAP firing rate is associated with an augmentation of the hyperpolarization-activated cation current, I h , and a decrease in AHP decay time. Despite these similarities in the effects of EtOH on SLM and SO interneurons, from a developmental perspective there is one striking difference:
whereas EtOH increased firing rates more potently in SO interneurons from adults in the present study, it increased firing rates of SLM interneurons from adolescents more potently in our previous study (Yan et al, 2009) . Taken together, these data indicate that the while EtOH effects on hippocampal network excitability are related to it's effects on the It is intriguing that the potency of EtOH on sAP firing in SO and SLM interneurons is developmentally regulated, albeit in opposite directions. We observed some physiological differences between interneurons in SO and those in SLM (Yan et al, 2009 ).
For example, over half of the SO interneurons that we sampled in the present study generated sAPs, whereas only approximately a quarter of those from SLM generated sAPs (Yan et al, 2009 ). However, there was no difference in the percentage of spontaneously firing interneurons between adolescents and adults. In addition, interneurons from SO had more depolarized membrane potentials (see Table 1 , adolescent, -59 mV; adult, -58 mV), compared to SLM interneurons (adolescent, -68 mV; adult, -68 mV; Yan et al., 2009) , again with no developmental differences noted. These data indicate that the developmental differences in EtOH sensitivity between these two populations of interneurons is not related to either resting membrane potentials or the other characteristics that may give rise to spontaneous firing.
During development from adolescence to adulthood, spontaneously firing SO interneurons become more sensitive to EtOH (present findings), while SLM interneurons become less sensitive to EtOH (Yan et al, 2009) . It is noteworthy that the potency of EtOH to induce firing in both types of interneurons is quite similar during adolescence (SO EC50 -11.5mM, SLM EC50 -10.8mM), whereas during adulthood they are quite interneurons (Yan et al, 2009 ), but as animals mature into adulthood the EtOH potency on these two populations of interneurons diverges. Importantly, the efficacy of perhaps the most behaviorally relevant concentration tested (10mM) was very markedly different in cells from adolescents compared to those from adults, and this was the case both in the present study and in our previous study of SLM interneurons (Yan et al, 2009 ). Since the divergence of EtOH responsiveness in these two interneuron populations is represented in the adult state, whereas they are similarly responsive during adolescence, these data also suggest that SO and SLM interneurons mature differentially in some essential way that regulates EtOH sensitivity.
In the present study, we found that EtOH increased sAP firing through activation of the I h . Previous studies have demonstrated that four I h channel subunits (HCN1-4) expressed in axons and presynaptic terminals of GABAergic interneurons in the hippocampus (Notomi and Shigemoto, 2004) . One recent study indicates that EtOH increases the intrinsic firing rates of cerebellar interneurons through enhancement of I h , resulting in the facilitation of GABAergic transmission (Hirono et al., 2009 ). In addition, EtOH has been shown to augment I h and neuronal firing in VTA dopaminergic neurons, an effect that was attenuated by ZD7288 (Okamoto et al., 2006) . These findings are consistent with our general finding that EtOH promotes SO interneuron firing by promoting I h . Interestingly, another study of mouse VTA dopaminergic neurons has shown that whereas ethanol produced only increases in neuronal firing in the absence of ZD7288, when I h was antagonized by 30μM ZD7288, ethanol produced a transient A growing literature indicates that the effects of EtOH on neurobehavioral function are developmentally regulated. We have shown that EtOH impairs spatial learning more potently in adolescent rats than in adults (Markweise et al., 1998) , and that early post-adolescent humans are more vulnerable to acute EtOH-induced learning impairment than are slightly older individuals . EtOH is also a more potent antagonist of memory-related LTP (Swartzwelder et al., 1995a; Pyapali et al., 1999) and NMDA receptor mediated synaptic function (Swartzwelder et al., 1995b; Li et al., 2002) in adolescent animals compared to than in those from adults. Conversely, EtOH is a less potent sedative in juvenile and adolescent animals than in adults (Little et al., 1996; Silveri and Spear, 1998) , and the EtOH sensitivity of evoked GABA A receptor-mediated inhibitory postsynaptic currents (eIPSCs) increases steadily during juvenile and adolescent development in the rat (Li et al., 2003) . Similarly, EtOH increases the frequency of action potential dependent sIPSCs in hippocampal pyramidal cells more potently in slices from adult rats than in that from adolescents, in the absence of any age-dependent effect on action potential independent mIPSC frequency or amplitude (Li et al., 2006) . The data on sIPSCs in particular are consistent with the present findings on the EtOH sensitivity of SO interneurons from adolescent, compared to adult rats.
To understand the implications of the effects of EtOH on interneuron excitability it is important to consider the hippocampal networks in which those interneurons function. interneurons, it would be highly speculative at present to propose a model whereby the developmental regulation of interneuron sensitivity to EtOH may explain the developmental differences in hippocampal and behavioral sensitivity to EtOH that we have observed previously (Swartzwelder et al, 1995a; Little et al, 1996; Markweise et al, 1998; Acheson et al, 1998) . However, now that we have shown a high degree of EtOH sensitivity in two distinct populations of CA1 interneurons, each of which manifests marked developmental regulation that is associated with the EtOH sensitivity of I h , we believe that a major research focus on interneurons in the context of adolescent EtOH sensitivity is needed.
Hippocampal interneurons are remarkably diverse. An early study described 16 distinct morphological phenotypes, with three different modes of discharge, and expressing 25 or more combinations of receptors for neurotransmitters (Parra et al., 1998) domains of principal cells (Klausberger & Somogyi, 2008) . Furthermore, a recent review has divided hippocampal CA1 interneurons into four cell groups according to their expression of parvalbumin (PV), cholecystokinin (CCK), axonal arborization density, and long-range projections, and these four cell groups contain at least 12 distinct cell types (Klausberger, 2009) . Against the backdrop of this complexity, it is very important to begin to understand the effects of EtOH across these various types of interneurons. Add to this the developmental differences in EtOH sensitivity that we have observed (Yan et al, 2009 and the present findings), and it appears likely that studies of this type will yield important information about the mechanisms whereby EtOH affects hippocampal function differently in adolescents and adults.
In summary, the present study demonstrates that EtOH enhanced spontaneous firing in hippocampal CA1 SO interneurons through its promotion of I h , and this effect is more pronounced in interneurons from adult rats than in those from adolescents. This finding is of particular interest because it illustrates that the maturation of interneuron EtOH sensitivity between adolescence and adulthood varies across interneuron types, and that maturational increases and decreases in EtOH sensitivity are bidirectional depending upon cell type.
This article has not been copyedited and formatted. The final version may differ from this version. The bar graph shows the effects of EtOH (30 and 50 mM) on I h density in SO interneurons from adolescent (solid bars, n=10) and adult (hatched bars, n=14) rats. I h density was obtained by dividing the I h amplitude in each cell by that cell's capacitance.
EtOH enhanced I h density more powerfully in neurons from adult animals than from adolescent animals (**p<0.01, unpaired t-test).
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